INTRODUCTION
============

Tandem guanine-rich nucleic acid sequences, which are prevalent in human telomeres ([@gks1101-B1]) and gene promoter regions ([@gks1101-B2],[@gks1101-B3]), can form four stranded structures, called G-quadruplexes ([@gks1101-B4]). The stability of G-quadruplex structures potentially plays an important role in telomere maintenance ([@gks1101-B5],[@gks1101-B6]) and in the regulation of gene expression ([@gks1101-B7],[@gks1101-B8]). As such, G-quadruplexes can have profound implications in human diseases, such as cancer ([@gks1101-B9],[@gks1101-B10]), diabetes ([@gks1101-B11],[@gks1101-B12]) and cardiovascular disease ([@gks1101-B13]). There is a growing interest in designing small molecule therapeutics that target G-quadruplexes ([@gks1101-B10],[@gks1101-B14]). Ligands that selectively interact with promoter and telomere G-quadruplexes have the potential to regulate gene expression and the cell cycle and may, therefore, act as novel therapeutic and diagnostic agents ([@gks1101-B15],[@gks1101-B16]). Many of the reported G-quadruplex ligands evaluated in biological assays have shown *in vitro* activities, including telomerase inhibition ([@gks1101-B17]), oncogene downregulation ([@gks1101-B18]) and suppression of cancer cell proliferation ([@gks1101-B19]). Through xenograft models, a series of G-quadruplex stabilizers, such as BRACO-19 ([@gks1101-B20]), TMPyP4 ([@gks1101-B21],[@gks1101-B22]), RHPS4 ([@gks1101-B23],[@gks1101-B24]) and telomestatin ([@gks1101-B25]), showed *in vivo* anti-cancer activities associated with telomeres or *c-MYC*. Of particular note is quarfloxin (CX-3543), a G-quadruplex binder, which has shown great therapeutic potential and is currently undergoing phase II clinical trials for the treatment of low or intermediate grade neuroendocrine cancer ([@gks1101-B26]).

In the past two decades, hundreds of small molecules with diverse chemical structures and physicochemical properties have been prepared and examined for their abilities to interact with G-quadruplexes ([@gks1101-B27],[@gks1101-B28]). Concurrent to the search for G-quadruplex ligands is the development of our understanding of the essential moieties and binding modes involved in ligand/G-quadruplex interactions. For instance, early studies of G-quadruplex ligands mainly focused on compounds containing extended planar aromatic moieties, which form π--π interactions with the terminal G-tetrad ([@gks1101-B29]). Later studies of distamycin A ([@gks1101-B30]) and an uncharged distamycin A analogue ([@gks1101-B31]) explored a novel binding mode where two dimeric ligands bind to two opposite grooves of the G-quadruplex. Furthermore, the discovery of novel G-quadruplex stabilizers, funtumine guanylhydrazone ([@gks1101-B32]) and peimine ([@gks1101-B33]), showed that non-planar molecules without aromatic moieties can also interact with G-quadruplexes through the groove binding mode. Thus, our understanding of ligand/G-quadruplex interactions continues to evolve. Meanwhile, researchers are actively exploring the vast chemical repertoire in search of chemical structures/motifs that have ultrahigh affinity towards G-quadruplexes. As systematic analysis of various G-quadruplex ligands may significantly facilitate understanding of the ligand/G-quadruplex interaction and promote discovery of novel G-quadruplex ligands, the demand for a comprehensive database of G-quadruplex ligands with cheminformatic tools is growing. The G4LDB, with systematically collected information of reported G-quadruplex ligands, provides a useful resource for the study of G-quadruplex ligands.

Computer aided drug design is a helpful tool in novel drug discovery and has been used to screen and design G-quadruplex ligands ([@gks1101-B19],[@gks1101-B33],[@gks1101-B34]). Among molecular computational methods, molecular docking is one of the most important techniques, and it has been used to predict the interaction of small ligands and biological macromolecules (such as proteins and nucleic acids). As more and more ligand/G-quadruplex structures have been determined ([@gks1101-B35]), a series of novel G-quadruplex ligands have been discovered using molecular docking ([@gks1101-B36]). Aided by molecular docking techniques, costs associated with compound synthesis and/or activity evaluation have been significantly reduced. Despite these successful cases of G-quadruplex ligand discovery by molecular docking, wide and general use of this method remains limited because of the complicated docking assays. Performing molecular docking studies requires a strong background in molecular modelling, and most researchers, beyond the molecular modelling experts, often avoid using this technique to study G-quadruplexes. Easy-to-use docking tools that can extend the use of molecular docking to general G-quadruplex ligand researchers are still needed. With the online docking module, the G4LDB offers a convenient tool for ligand/G-quadruplex docking studies.

During the past decade, hundreds of G-quadruplex ligands have been discovered. Many of them show *in vitro* and *in vivo* activities, and some have entered clinical trials. Studies on G-quadruplex ligands are now among those at the forefront of drug discovery, and a database that includes comprehensive information of G-quadruplex ligands will greatly benefit such studies. Until now, there have been several G-quadruplex motif or sequence databases, the GRSDB ([@gks1101-B41]), Greglist ([@gks1101-B42]) and QuadBase ([@gks1101-B43]). However, these databases focus on the motifs and sequences of G-quadruplexes rather than on G-quadruplex ligands. All of this motivated us to develop G4LDB, the first database to consist systematic information reported for G-quadruplex ligands and, moreover, to provide an online docking module to improve the efficiency of G-quadruplex ligand research and drug discovery.

OVERVIEW OF THE DATABASE
========================

The G4LDB ([http://www.g4ldb.org](http//www.g4ldb.org)) currently consists of two major components, the ligand database and the online prediction module. The ligand database currently contains \>800 reported G-quadruplex ligands that are associated with 4000 related activity study records. This facilitates cheminformatic studies and systemic analysis of G-quadruplex ligands, and the search for novel binders. Each G-quadruplex ligand entry includes the molecular name, molecular weight, the molecular identifier (SMILES string), the number of H-bond donors and receptors, rotatable bonds, predicted *n*-octanol--water partition coefficient (logP) and G-quadruplex related activity reports ([Figure 1](#gks1101-F1){ref-type="fig"}D), such as the enhanced circular dichroism melting temperature, the inhibition of telomerase and the binding constant*.* The online docking module provides a Web-based interface for users to predict binding mode and affinities of newly designed compounds. There are 28 G-quadruplex targets, derived from all the published ligand/G-quadruplex complex structures in the RCSB Protein Data Bank ([@gks1101-B44]), available for online docking through the web interface.

The G4LDB provides a user-friendly web interface with useful functions for retrieving and browsing the G-quadruplex ligand data set. The 'Browse' page ([Figure 1](#gks1101-F1){ref-type="fig"}E) allows the user to view the tabulated content of the database. The 'Search' page offers users three options for data querying. By using the 'Quick Search' function ([Figure 1](#gks1101-F1){ref-type="fig"}A), users can search ligands by the field, such as ligand name, target sequence, activity type, author name of ligand source literature and so on. The 'Structure Search' function ([Figure 1](#gks1101-F1){ref-type="fig"}B) implements a search of G-quadruplex ligands according to molecule or fragment structures. There are three options for structure-based searches, 'Exact Match', 'Substructure Match' and 'Similarity Match'. The 'Advanced Search' function ([Figure 1](#gks1101-F1){ref-type="fig"}C) provides a series of data fields (molecular properties and activities) and can perform integrated information searches. Figure 1.Screenshots of G4LDB's searching and browsing modules. (**A**) Quick search function, (**B**) structure search (exact match, substructure match or similarity match) function, (**C**) advanced search function, (**D**) detailed information of G-quadruplex ligands (including activities) and (**E**) browse G-quadruplex ligands by tables.

Another important part of G4LDB is the online prediction module, with which users can predict binding strength of their newly designed ligands. This module incorporated 28 docking models ([Figure 2](#gks1101-F2){ref-type="fig"}A) of G-quadruplexes, covering nearly all known binding modes reported in the RCSB protein data bank (such as the end stacking mode, intercalate mode, groove binding mode and loop binding mode). After designing the ligand and submitting the docking job ([Figure 2](#gks1101-F2){ref-type="fig"}C), system preparation related to molecular docking, binding evaluation and results extraction will be automatically carried out on the G4LDB server, and the results are sent to the user. A prediction of complex structure and binding affinity become available through a unique URL once the docking simulation finishes. The predicted binding modes and molecular interactions are rendered directly by the Jmol applet 3D visualization tools embedded in the web page ([Figure 2](#gks1101-F2){ref-type="fig"}D). The evaluation results, including the predicted binding affinities (in a text file) and ligand/G-quadruplex complex structure (in a Protein Data Bank file), are also downloadable from this page. Figure 2.Web interfaces of the online prediction module. (**A**) Choose target G-quadruplex structure model for evaluating the ligand/G-quadruplex interaction. (**B**) Detailed information of target G-quadruplex. (**C**) Design ligand for prediction. (**D**) The results page.

MATERIALS AND METHODS
=====================

Data acquisition
----------------

### Structures of ligands

Since the first report of G-quadruplex ligands in the late 1980s, \>2000 G-quadruplex reports (between 1988 and 2011) have been published. The ligands reported to interact with G-quadruplexes are included in the database; their 2D chemical structures were constructed by Marvin Sketch (ChemAxon) directly from descriptions in the literature. The canonical SMILES strings of the ligands were generated by OpenBabel 2.3.0 ([@gks1101-B45]). Other molecular descriptors, such as molecular weight, formal charge, Alogp (Ghose--Crippen--Viswanadhan octanol--water partition coefficient), molecular solubility, number of H-bond acceptors, number of H-bond donors, number of metal atoms and number of rotatable bonds of the G-quadruplex ligands, were all computed using Discovery Studio 3.1 (Accelerys, San Diego, CA, USA).

### Data of activities

The activity data of G-quadruplex ligands were collected mainly from the literature. Various indicators of activities have been recorded, such as inhibition of telomerase activity, inhibition of Taq polymerase activity, binding affinity of ligand/G-quadruplex. Besides quantitative activity indicators, brief descriptions of experimental methods by which the activity data were generated were also recorded to provide users with methodology information.

### Target information

Structures and other information of target G-quadruplexes were mainly obtained from the RCSB Protein Data Bank. Currently, 28 ligand/G-quadruplex complex structures are included in the RCSB Protein Data Bank. All of these structures were processed and prepared to construct G-quadruplex target models.

### System data updates

New data related to G-quadruplex ligands will be included in the database after twice yearly bibliographic reviews (updates every April and October, approximately).

Structure searching tools for G-quadruplex ligands
--------------------------------------------------

In the structure search function, molecular structures can be directly constructed by the graphical user interface of MarvinSketch 5.10.0 (ChemAxon) embedded in the structure searching web page. Based on OpenBabel 2.3.0, three modes of structure searching, the exact match, substructure match and similarity match, are provided by the searching function. In the exact match mode, canonical SMILES matching only returns the structure identical to the query molecule. In the substructure match mode, however, a molecular search based on fragment SMARTS matching will list all ligands containing the queried molecular fragment. The molecular similarity between the user-specified structure and ligands in the G4LDB is quantified by the Tanimoto similarity coefficient, based on the linear fingerprint of fragments indices. The Tanimoto similarity coefficient, ranging from 0 to 1, reflects the level of similarity between two molecules; 0 indicates minimal similarity, and 1 indicates the maximum. In the structure similarity searching mode, users can specify molecular structure and similarity threshold. The structure similarity search will automatically calculate and sort the Tanimoto similarity coefficient for each ligand in G4LDB and query structures and will only return similarity coefficient values higher than the threshold specified by the user.

Molecular visualization
-----------------------

G4LDB can display a series of molecular visualization effects; the 2D structure for each ligand is displayed as an image generated by MarvinSketch (ChemAxon); 3D structures of ligands are represented using the MarvinView (ChemAxon) applet embedded in these web pages. Online computational results of predicted molecular interactions between a small molecule and a G-quadruplex can be displayed in various styles, for example, cartoon models, all atom ball-and-stick models and molecular surface models, using the Jmol applet.

Online docking
--------------

To prepare docking models of G-quadruplexes, all 3D structures of ligand/G-quadruplex complexes recorded in the RCSB Protein Data Bank (from January 1994 to June 2012) were retrieved. For each retrieved ligand/G-quadruplex complex, a grid box (15 Å × 15 Å × 15 Å), centred at the geometrical centre of the ligand and containing grid points with 0.375 Å spacing, was prepared ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1101/DC1)). The ligand was then removed from the structure to leave an empty binding pocket, defined as the grid box. Detailed information on the definition of the active site for each model is shown in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks1101/DC1).

The G4LDB online docking proceeds in two steps. The first step is small ligand preparation. The 2D chemical structure constructed in the ligand design page by the user is converted to a 3D structure. The 3D ligand structure then undergoes geometry optimization to produce the initial ligand structure. The 2D to 3D transformation, geometry optimization and molecular format transformation are performed by OpenBabel 2.3.0 and AutoDockTools-1.5.4 ([@gks1101-B46]) at the server end.

The second step is molecular docking. Grid maps of the pre-defined active site for each atom type present in the ligand are calculated by AutoGrid ([@gks1101-B47]) before docking a ligand to the target G-quadruplex. After assigning Gasteiger partial charges to the atoms in the ligand, the Lamarckian genetic algorithm based molecular docking and calculation of ligand/G-quadruplex dissociation constant are carried out by AutoDock ([@gks1101-B47]). The docking parameters are set as follows: the ligand translation step is set to 2.0 Å, the ligand quaternion and torsion step are both set to 50°, the maximum number of energy evaluations is set to 1.0 × 10^6^, the maximum number of genetic algorithm operations is set to 2.7 × 10^4^, the number of individuals in the population is set to 150, the rate of mutation and crossover are set to 0.02 and 0.8, respectively. Other parameters are all set as default. When searching the conformational and orientational spaces of the ligand with rotatable bonds having full flexibility, the structure of the G-quadruplex is kept rigid. For each docking evaluation, 20 independent runs are performed to evaluate different ligand poses, and only the most favourable pose is dumped to the results file.

Database server implementation
------------------------------

The G4LDB is installed on CentOS 5.3 server workstations. An Apache 2.2.3 server is used as the web server platform, and the website was built with PHP 5.2. The multiple types of data are organized, managed and stored using the MySQL 5.1 relational database management system. To construct an easily accessible searching and retrieval system, the graphic chemical editor MarvinSketch (ChemAxon) was used to build interactive web interfaces of the G4LDB. The substructure matching and molecular similarity prediction are accomplished by OpenBabel 2.3.0. Jmol applets are embedded in the interface to render 3D structures of small ligands and of predicted complex structures. The G4LDB site is best viewed by Firefox, Safari, Google Chrome and Opera in which JavaScript (version \>1.7) and Java (version \>6) are enabled. The platforms that have been tested and that show stability with G4LDB are listed at <http://www.g4ldb.org/ci2/index.php/other/compatibility>.

DISCUSSION
==========

Integrated with a series of useful functions, the G4LDB provides a unique platform for the design and discovery of G-quadruplex targeting ligands/drugs. In the examples below we illustrate potential applications of the G4LDB.

Browsing G-quadruplex ligands and checking information for a specified ligand
-----------------------------------------------------------------------------

More than 800 G-quadruplex ligands are currently included in the G4LDB. By single clicking the 'Browse → G-quadruplex ligands' button, users will find tables listing the G-quadruplex ligands that compose the G4LDB ([Figure 1](#gks1101-F1){ref-type="fig"}E). Shown in the table is brief information for each ligand, whereas detailed information can be seen by simply clicking the ID link or the 2D structure of the ligand from the table list. General information along with different physicochemical properties and activity information are shown in the 'ligand details' page ([Figure 1](#gks1101-F1){ref-type="fig"}D). 2D and 3D structures of each ligand are also displayed on this page and can be downloaded in mol or mol2 formats. By reading the detailed information of the G-quadruplex ligand, users can understand the ligand more comprehensively. For example, by reading the ligand details page for TMPyP4, users can access not only the structure and physicochemical properties of the ligand but also \>50 records of activities reported in the literature, for example, molecular binding affinity, *in vitro* inhibition of different cell lines and *in vivo* data on different animal models. From another point of view, this single web page represents the development status of TMPyP4, which provides an important reference for developing other G-quadruplex targeted drugs or probes.

Designing small ligands and predicting molecular interactions between small molecules and G-quadruplexes
--------------------------------------------------------------------------------------------------------

### Two-step job submission

In the 'Compute → Online Docking' module of G4LDB, prediction of molecular interactions between a small molecule and G-quadruplexes can be achieved by two simple steps.

The first step is to select a target G-quadruplex model of interest. There are currently 28 G-quadruplex structures available as target models, all of which are listed in the 'Step 1 Target Selection' page ([Figure 2](#gks1101-F2){ref-type="fig"}A). These computational target models are derived from the 28 currently resolved ligand/G-quadruplex 3D structures. This page displays brief information of each target, such as introduction of the structure, the sequence forming the structure, the chain type of the G-quadruplex, the Protein Data Bank ID and the reference link to the literature that reported the structure. Detailed information ([Figure 2](#gks1101-F2){ref-type="fig"}B) of the target can be retrieved by clicking the PDB_ID or structure image of the target. Once the user identifies the target model of interest, target selection procedure can be accomplished by clicking the 'Choose' button. The computing system will automatically define the selected target G-quadruplex structure model and then take the user to the second step.

The second step is to design the small ligand. After choosing the target G-quadruplex model, the user is taken to the ligand designing page ([Figure 2](#gks1101-F2){ref-type="fig"}C), where a small ligand can be constructed in various ways. The simplest way is to build small ligands directly in the online molecular designing module (Marvin Sketch). In this way, users can design any small molecule. If small molecules have been designed previously by other software packages and saved as files, they can also be loaded by the designing module. By using the 'File → Open...' function in the menu, users can load external (local) ligand files in various formats, such as the Marvin document format (\*.mrv), the MDL mol format and sdf format (\*.mol, \*.sdf), the Symyx SKC format (\*.skc), the ChemDraw cdx format (\*.cdx), the Tripos mol2 format (\*.mol2), the Protein Data Bank format (\*.pdb) and the Gaussian output format (\*.gout). Once the small molecule is constructed or loaded, the SMILES string of the molecule appears in the box under the designing module. The user can then assign a short job name for the online prediction work and click the 'calculate' button. The online prediction work can be tracked by a dedicated URL provided on the confirmation page after submission. If the user's email address has been submitted, the molecular prediction results and a link to the web page displaying the results are also sent to the user through an email when the prediction calculation is completed.

### Result retrieval

After successful job submission, it usually takes 15--20 min for the G4LDB server to evaluate the ligand/G-quadruplex interactions. The results are available through an automatically generated URL on the confirmation page. The predicted binding modes and molecular interactions are rendered directly by the Jmol applet 3D visualization tools embedded in the web page ([Figure 2](#gks1101-F2){ref-type="fig"}D). Users can drag the left mouse key to rotate the 3D models of ligand/G-quadruplexes. Similarly, users can also drag the middle mouse key to zoom in and out of the models. Moreover, users can simply switch among different 3D display modes, such as the cartoon style, the stick mode and the molecular surface style, by clicking the option buttons in the result page. The evaluation results zipfile, consisting of the predicted ligand/G-quadruplex p*K~i~* (a text file) and ligand/G-quadruplex complex structure (a pdb file), is also downloadable from this page.

Current version of the G4LDB user interface only supports single ligand submission for binding mode/affinity prediction. We plan to address this limitation by introducing batch submission functions in future versions of the G4LDB. Also worthy of note is the inherent limitation of molecular docking and empirical force fields, the G4LDB online docking module has difficulty in handling organometallic compounds. Thus, we do not recommend the evaluation of binding affinity for metallo-ligands with the current version of the G4LDB docking module. We plan to address this issue in the near future by introducing computational tools with higher levels of theory into the prediction module.

Filtering drug-like G-quadruplex ligands by their chemical descriptors
----------------------------------------------------------------------

G4LDB provides a series of cheminformatic tools to facilitate the search of ligands with desired properties, such as 'drug-likeness'. Lipinski's Rule of Five ([@gks1101-B48]) is a popular empirical measure of 'drug-likeness' for a chemical compound based on physicochemical properties. According to the Rule of Five, an active compound with good bioavailability should have a molecular weight \<500, an octanol--water partition coefficient (logP) \<5, hydrogen-bond donors \<5 and hydrogen-bond acceptors \<10. By filtering G-quadruplex ligands by the Rule of Five, G4LDB ligands that possess drug-like properties will be returned, and these ligands may be considered as drug candidates for oral delivery.

Building quantitative structure-activity relationship models based on selected activity data
--------------------------------------------------------------------------------------------

The quantitative structure-activity relationship (QSAR) approach provides a useful method to guide the design or optimization of ligands with respect to certain physicochemical or pharmacological properties. The G4LDB serves as an ideal source of both structural and activity data, which are the most essential factors for building predictive QSAR models.

Here, we take structural stabilization capabilities measured by fluorescence resonance energy transfer (FRET) as an example. First, users can access the advanced search page by selecting the 'Search → Advanced Search' option on the main menu. Then, by selecting 'FRET' from the drop-down list, specifying the value range (optional) and pressing the 'Search and show activity list' button, users can obtain a table that lists selected ligand structures and relative melting temperatures. In this way, users can use G-quadruplex ligand structures and quantitative activity values to perform QSAR studies.

CONCLUSIONS
===========

The G4LDB is a unique platform that contains a collection of \>800 reported G-quadruplex ligands and an online ligand design module that can predict ligand binding affinity in real time. We built the G4LDB to (i) compile a comprehensive data set covering various physical properties of G-quadruplex ligands; (ii) provide Web-based tools for G-quadruplex ligand design; and (iii) facilitate the discovery of novel therapeutic and diagnostic agents targeting G-quadruplexes. We believe that the development and operation of this database will significantly facilitate the discovery of novel drugs and diagnostics targeting G-quadruplexes.

To further improve the database, we plan to incorporate the following data sets and functionalities in future versions of the G4LDB. More organized data related to G-quadruplex ligands will be added to the G4LDB, such as spectroscopic data of ligands and detailed information of experimental methods. Emerging studies suggest that RNA G-quadruplexes exist in the 5′-UTRs of many genes of clinical interest, and because such structural elements can influence translation ([@gks1101-B49]), the ligands of RNA G-quadruplexes will also be incorporated in the near future. To screen and design ligands of unsolved G-quadruplex structures, homology modelling methods may also be applied to extend the target G-quadruplex structure and, therefore, provide more screening models.

G-quadruplex ligand research is an emerging field in the discovery of novel drugs and diagnostics. We believe the G4LDB will provide researchers with a valuable resource for discovering and designing novel G-quadruplexes.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks1101/DC1) are available at NAR Online: Supplementary Table 1.
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